We report a study of the effect of hydrostatic pressure on the magnetocaloric effect in a La 0.69 Ca 0.31 MnO 3 single crystal. The single crystal exhibits a much larger magnetic entropy change ͑⌬S m ͒ than the corresponding polycrystalline samples, reaching 5.2 J / kg K and 8.5 J / kg K for a magnetic field variation of 1 T and 5 T, respectively. Under hydrostatic pressure, the peak position of ⌬S m significantly moves to higher temperatures due to the shift of the magnetic phase transition, from 213.5 K under ambient pressure up to 236.5 K under a pressure of 1.1 GPa, while the maximum value of ⌬S m remains nearly the same. These exceptional results demonstrate that the magnetocaloric effect in magnetic materials with strong spin-lattice coupling can be effectively tuned by pressure. and others. MCE is normally studied at constant ambient pressure at temperatures around magnetic phase transitions where MCE exhibits the maximum due to the sharpest variation of magnetization with temperature. Based on the magnetic entropy contribution, the upper limit of the maximum value of ⌬S m was thought to be R ln͑2J +1͒. Although it has been long recognized that magnetic phase transitions in magnetic materials with strong spin-lattice coupling can be controlled by external pressure, little attention was paid to the effect of hydrostatic pressure on MCE. However, recent studies of this pressure effect have demonstrated striking results. Morellon et al.
Magnetic refrigeration based on the magnetocaloric effect ͑MCE͒ in magnetic solids is attracting much research attention in the last years. It offers considerable advantages ͑high energy efficiency, small volume, nonpollution, etc.͒ over conventional refrigeration.
1 MCE is an intrinsic thermodynamic property of magnetic materials that is essentially the result of the magnetic entropy change ͑⌬S m ͒ due to the coupling of a magnetic spin system with magnetic field. For practical applications of magnetic refrigeration, one needs to find magnetic materials that exhibit a large MCE in a moderate magnetic field. Many good examples of materials showing large MCE can be listed today, Gd element, 2 Gd 5 ͑Si x Ge 1−x ͒ 4 , 3 Gd 5 Ge 1. 9 Si 2 Fe 0.1 , 4 Ni-Mn-Ga alloys, 5 MnAs, 6 MnFeP 1−x As x , 7 LaFe 13−x ͑Al, Si͒ x , 8 the perovskite manganites, 9,10 and others. MCE is normally studied at constant ambient pressure at temperatures around magnetic phase transitions where MCE exhibits the maximum due to the sharpest variation of magnetization with temperature. Based on the magnetic entropy contribution, the upper limit of the maximum value of ⌬S m was thought to be R ln͑2J +1͒. Although it has been long recognized that magnetic phase transitions in magnetic materials with strong spin-lattice coupling can be controlled by external pressure, little attention was paid to the effect of hydrostatic pressure on MCE. However, recent studies of this pressure effect have demonstrated striking results. Morellon et al. 11 first studied the effects of pressure on MCE in Tb 5 Si 2 Ge 2 . They found that external pressure can tune the magnetic phase transition and induce a giant MCE in this material. In the same time, Gama et al. 12 reported the pressure-induced colossal MCE in MnAs. The maximum value of ⌬S m in MnAs under a pressure of 0.23 GPa reaches 267 J / ͑kg K͒, far greater than the assumed magnetic limit.
These studies demonstrated that MCE in certain materials could be significantly enhanced by high pressure and thus, they opened up a strategy for magnetic refrigeration using MCE.
Considering the fact that perovskite manganites, which have drawn considerable attention due to the colossal magnetoresistance, exhibit strong spin-lattice coupling as well as large MCE, it would be worthwhile to investigate the effect of pressure on magnetocaloric effect in these materials. In this work, we have performed such a study and found that MCE in a La 0.69 Ca 0.31 MnO 3 single crystal can be effectively tuned by external pressure.
The single crystal with nominal composition of La 0.67 Ca 0.33 MnO 3 was grown by the floating zone method. Back-reflection Laue x-ray diffraction experiment was carried out to check the phase purity and to determine the crystallographic directions. The actual composition of the crystal was determined by inductively coupled plasma analysis as La 0.69 Ca 0.31 MnO 3 . The magnetization measurements at high hydrostatic pressure up to 1.2 GPa were performed using a superconducting quantum interference device magnetometer ͑Quantum Design Co.͒ in magnetic fields up to 5 T in the temperature range from 5 K to 300 K. The sample was compressed in a miniature nonmagnetic CuBe pressure cell 13 that was filled by a mixture of mineral oils in a role of a liquid pressure-transmitting medium. Pressure inside the cell was determined using the Pb pressure sensor. A decrease of pressure in the clamped CuBe cell with decreasing temperature was taken into account. 13 The pressure dependence of the Curie temperature T C of the La 0.69 Ca 0.31 MnO 3 single crystal was determined from magnetization versus temperature curves measured under several pressures in a magnetic field of 100 Oe, as shown in Fig. 1 . The sample exhibits a first-order phase transition from paramagnetic to ferromagnetic state. The Curie temperature was defined as the inflection point in the M-T curves. increases linearly with increasing pressure, from 213.5 K at ambient pressure to 236.5 K under a pressure of 1.1 GPa, by a rate of dT C / dp = + 21.4 K / GPa. These results agree well with previous reports. 14 The study of MCE in the La 0.69 Ca 0.31 MnO 3 single crystal at ambient and under high pressure was based on the thermodynamical theory and a Maxwell relation. The magnetic entropy change associated with a magnetic field variation is given by
The integral in Eq. ͑1͒ can be approximately calculated using isothermal M-H curves that are measured at small temperature intervals. In Figs. 2͑a͒ and 2͑b͒ , we show the isothermal M-H curves of the sample at different temperatures at ambient and a high pressure of 1.1 GPa, respectively. The M-H curves were measured under pressure at the different temperature intervals with respect to the observed increase of T C with increasing pressure. Figure 3͑a͒ shows the entropy change of the sample in several magnetic fields at zero pressure. As expected, ⌬S m exhibits a peak around Curie temperature T C where the fastest variation of magnetization with temperature was observed. The maximum value of ⌬S m for a field variation of 5 T reaches ϳ8.5 J / kg K. This value is much higher than those reported for La 0.7 Ca 0.3 MnO 3 polycrystalline samples. 10, 15 Moreover, the single crystal exhibits a considerable MCE in low magnetic fields. For a 1 T field variation, the maximum of ⌬S m is very high, ⌬S m =5.2 J/kg K, as compared to 2.8 J / kg K in metallic Gd ͑Ref. 15͒ that is a prototype material for magnetic refrigeration. In Fig. 3͑b͒ , we show the entropy change in the La 0.69 Ca 0.31 MnO 3 single crystal under a pressure of 1.1 GPa. Apparently, the temperature dependence of ⌬S m under pressure shows a similar shape as that at ambient pressure, but the peak position significantly moves to higher temperatures as a consequence of the pressure induced T C shift. In comparison with ambient pressure, the maximum of ⌬S m under a pressure of 1.1 GPa is slightly lower in the case of low-field variation, but it remains nearly the same in high fields. These results demonstrate that the peak position of MCE in La 0.69 Ca 0.31 MnO 3 can be effectively tuned by applying a pressure.
The effect of pressure on MCE in La 0.69 Ca 0.31 MnO 3 can be understood in terms of the pressure-tuned double exchange ͑DE͒ interaction that generates the ferromagnetic ordering in the manganites of this composition. It is well known that the DE interaction depends on the lattice parameters through both the Mn-O-Mn angle and the Mn-O bond length and thus causes strong spin-lattice coupling in these manganites. By applying external pressure, the Mn-O-Mn angle should increase toward 180°and the Mn-O bond length should decrease. These lattice changes would be in favor of DE interaction and consequently, they promote the magnetic ordering transition to higher temperatures. The peak position of ⌬S m follows this pressure induced increase of the Curie temperature T C .
However, the pressure-induced shift of the position of ⌬S m peak to higher temperatures is not accompanied by a change of the maximum value of ⌬S m in La 0.69 Ca 0.31 MnO 3 . These experimental results are well comparable with just recently published data on polycrystalline La 0.8 Sr 0.2 MnO 3 compound where very slight decrease of ⌬S m was observed under pressure. 16 The behavior of ⌬S m in La 0.69 Ca 0.31 MnO 3 under pressure is in strong contrast to the complex situation in compounds where the first-order magnetic transition is coupled to a structural transition. Just recently, it was published that MCE is enhanced under pressure in Tb 5 Si 2 Ge 2 , 11 suppressed in Gd 5 Si 2 Ge 2 ͑Ref. 17͒ and a colossal MCE was observed on MnAs compound under pressure. 12 Although the strong spinlattice coupling and a volume anomaly near T C in La 0.69 Ca 0.31 MnO 3 were confirmed, no structural phase transition accompanying the magnetic phase transition has been detected. Therefore, the lattice entropy does not contribute significantly to the entropy change even under high pressure.
The maximum of ⌬S is governed by the contribution of magnetic entropy change.
In summary, we have studied the effect of hydrostatic pressure on MCE in the La 0.69 Ca 0.31 MnO 3 single crystal. The single crystal exhibits a much more pronounced MCE than the polycrystalline samples, especially in low magnetic fields. Under high hydrostatic pressure, the maximum of MCE shifts to higher temperatures, while the values of ⌬S m remain nearly the same. These results prove that MCE in materials with strong spin-lattice coupling can be effectively tuned by pressure. 
